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The rust fungus Puccinia jaceae var. solstitialis (P. jaceae var. solstitialis) was introduced to California for biological control of yellow starthistle (YST, Centaurea solstitialis) in 2003 (6) . YST is an invasive winter annual that has infested over 7 million ha in California and continues to spread (16) . Since the introduction of P. jaceae var. solstitialis, multiple urediniospore generations have been observed on YST, and the pathogen was documented to persist through the host-free months and establish new infections the following winter at one release site (6) . In California, YST seeds germinate during the winter wet season beginning in October; rosettes bolt and flower during the summer and plants begin to senesce in the late summer (13) .
Prior to the first release, the functionality of teliospores and the importance of a cold priming period prior to germination were established in the laboratory (4) . Urediniospores do not survive well on senesced plant material in the field and are thus unlikely to serve as infective propagules on new YST seedlings in winter (7) . Previous work suggests that the most likely form of initial inoculum is basidiospores (formed from germinating teliospores), as pycnia have been observed in and around release plots on YST prior to the eruption of uredia (5) . To establish the importance of teliospores in the survival of P. jaceae var. solstitialis, more information is needed regarding the epidemiology of teliospore emergence and the cold requirement necessary to break dormancy.
Thermal time, the accumulation of time above a threshold temperature, has been used to model the growth and development of plant pathogens (12) . For organisms that require a cold period, a related concept has been used to calculate the accumulation of time below a threshold temperature, or chilling degree-hours (2) . Although teliospores of some rust fungi require cold priming to break dormancy (1, 4) , the accumulation of time below a threshold has not been used in models describing teliospore priming; in fact, few studies provide information on the range of conditions sufficient to break dormancy for teliospores in the Uredinales (1, 4, 9, 15) . In this study, dormancy is defined as the period when activity is suspended and germination will not occur, and priming is the process required for resuming activity potentially resulting in spore germination. The focus of prior cold priming studies has been the practical aspects of developing protocols for germinating teliospores in the laboratory. Bruckart and Eskandari (4) developed methods for priming, incubating, and germinating P. jaceae var. solstitialis teliospores. At 4°C, germination increased as the duration of priming increased from one to approximately 7 weeks. Many YST infestations occur in areas where winter temperatures do not drop to 4°C for sustained periods, such as coastal and southern California. Consequently, more information is needed regarding the suitable range of priming temperatures and the effect of the length of the priming period on teliospore germination.
To document disease dynamics, teliospore emergence was monitored in the field. Laboratory experiments were used to characterize the range of temperatures sufficient to break dormancy and develop a degree-hour model to predict when teliospores are primed for germination. To test our predictions, we conducted experiments in two distinct habitats, coastal and Central Valley, CA, to determine when teliospores are naturally primed for germination under field conditions.
MATERIALS AND METHODS
Fungal isolate. P. jaceae var. solstitialis field isolate FDWSRU 84-71 was collected east of Yarhisar and Hafik (near Sivas), Turkey in 1984. This isolate was evaluated in quarantine at the USDA-ARS, Foreign Disease-Weed Science Research Unit, at Ft. Detrick, MD, and propagation of inoculum took place at the California Department of Food and Agriculture, Sacramento (6) .
Teliospore emergence. Teliospore emergence was monitored in 2005 and 2006 at release sites near the cities of Napa (Napa Co.) and Woodland (Yolo Co.), CA. The Napa site is an ungrazed rangeland valley in the coastal hills, 427 m elevation, dominated by YST, naturalized European annual grasses, native grasses and shrubs, surrounded by oak woodland. The Woodland site is ungrazed rolling hills rangeland, 53 m elevation, in the Central Valley. It is dominated by naturalized European annual grasses and herbs, surrounded by actively grazed rangeland and agriculture.
Plots were established adjacent to study sites used to develop an optimal release strategy for P. jaceae var. solstitialis (6) . In January 2005, 1-m 2 plots were inoculated at each site with 200 ml of deionized water containing 50 mg of urediniospores and 0.15% Tween 20 (=100 mg of spores/m 2 ) using plastic 250-ml finger pump spray bottles. Plots were reinoculated monthly, if needed, during the first year to maintain and augment infection. In the second year, naturally occurring infections were visible on YST plants at the Woodland site in the area surrounding plots inoculated the previous year. In February 2006, additional plots were inoculated in Woodland to ensure a supply of infected leaves. Leaves were collected from naturally occurring P. jaceae var. solstitialis in Woodland from March to early July and from the plots inoculated in February for the late July and August 2006 sampling dates. In Napa, no naturally infected plants were detected in 2006, and a 1-m 2 plot was inoculated in January, February, and April of that year. At both sites beginning in March of each year, five leaves were collected from infected plants every other week until no infected leaves were available. In the laboratory, spores were washed from each leaf separately in a drop of deionized water on a microscope slide. Urediniospores of this species have one cell and teliospores have two cells. The number of urediniospore and teliospores in a 200 spore sample from each leaf (1,000 spores per site, for each sampling date) was recorded using a compound microscope.
All statistical analyses were carried out using SAS Institute software version 9.1. The Proc Mixed procedure was used to evaluate the effect of site (Napa or Woodland), year (2005 or 2006), sampling date, and the interaction between site and year on teliospore production. Leaf (n = 5) was included as a random factor. The ratio of teliospores to the total number of spores sampled was transformed by log (x + 0.01) to improve normality, as indicated by Shapiro-Wilkes test, and homogeneity of variance as indicated by Levene's test (11) .
Priming and incubation of teliospores in the laboratory. YST rosettes were inoculated with P. jaceae var. solstitialis urediniospores in a raised outdoor planting bed at the California Department of Food and Agriculture (CDFA) in Sacramento, CA, in the spring of 2004. Plants were watered as needed throughout the spring and summer, and several generations of urediniospores were observed. Teliospores were visible on plants in late August, and stems infected with teliospores were collected in September 2004 and stored at room temperature (22°C) prior to use.
Methods for germinating teliospores were based on those of Bruckart and Eskandari (4) . Infected YST leaves were suspended in 0.1% water agar containing 3 drops of Tween 20 per 100-ml volume, placed in microcentrifuge tubes, and ground with a glass rod; large plant debris was removed with tweezers. After a 1-min centrifugation, the pellet was resuspended in 0.2% sodium hypochlorite, allowed to sit for either 30 s (experiment 1) or 60 s (experiment 2), and then recentrifuged. The pellet was resuspended and washed twice in sterile water before finally being resuspended in 0.1% water agar. The concentration of teliospores was determined by counting spores under a hemacytometer, and the concentration was adjusted to approximately 6 spores/µl. Three 10-µl drops were added to each of six petri dishes (100 × 15 mm) containing 2% water agar.
Using a factorial experimental design, plates were incubated in the dark at each of three different temperatures: 4, 8, and 12°C. At each temperature, a set of plates was allowed to incubate for each of the following time periods: 2, 3, 4, 5, and 6 weeks. After this priming period, two YST seeds were added to each plate to stimulate teliospore germination (4) . The YST seeds had been surface-sterilized by soaking for 30 s in 1% sodium hypochlorite followed by 1 min in sterile water. The plates were then incubated in the dark at 18°C for 7 days. Numbers of germinated teliospores were determined by counting fully formed basidia visible under a compound microscope. The entire experiment was conducted twice.
A regression analysis was conducted using an equation representing the hypothesis that teliospore priming is directly proportional to the accumulation of chilling degree-hours (2) . The gen-
where Y = proportion of teliospores germinating, Th = temperature threshold for degreehour accumulation, X = incubation temperature (°C), Z = incubation duration (hours), and a and b are scalars.
Teliospore priming in the field. Forty greenhouse-grown, 5-week-old YST plants were transplanted into a field plot at CDFA in Sacramento in January 2005. Plants were inoculated with P. jaceae var. solstitialis urediniospores, covered overnight with a plastic tent enclosure, and then monitored weekly. Several generations of urediniospores were observed. In late summer, teliospores were observed on stems, and on 15 September 2005, stems infected with teliospores were collected. Infected stems were cut into 3-cm sections and three sections were distributed into 88, white, 100% polyester fabric bags (5 × 8 cm) tied shut with 100% polyester twine. On the same day plants were harvested, half of the bags were taken to the Western Regional Research Center (WRRC), Albany, CA, in the San Francisco Bay Area, and half were taken to Armstrong Field Station, University of California, Davis, in the Central Valley. At each site, bags were placed in a wire mesh basket on the ground attached to a fence post. From 19 October 2005 to 10 May 2006, four bags were collected every 3 weeks from Davis and Albany and brought to the laboratory at the WRRC to determine if the teliospores were primed for germination.
The following winter, the experiment was repeated using teliospores collected from an introduced population in Sonoma County, CA. P. jaceae var. solstitialis was released at the Sonoma site in the spring of 2004. Teliospores were observed on YST stems near the release site in late summer 2006 and were collected on 4 October 2006. Infected stems were distributed into bags and transported to Albany and Davis using the methods previously described. From 25 October 2006 to 11 April 2007, four bags were collected every 3 weeks from each site and brought to the WRRC to determine if teliospores were primed for germination. In 2006, additional bags were prepared for the Albany site to determine if teliospores remain viable for multiple years.
Methods to determine if teliospores were primed were similar to those suggested by Mendgen (14) with an added surface sterilization step. Teliospores were washed from leaves in 0.1% water agar containing 3 drops of Tween 20 per 100-ml volume. Spores were centrifuged for 1 min in an Eppendorf Centrifuge 54179 (Eppendorf, Cologne, Germany) at 6,000 rpm to break the surface tension. To reduce superficial contaminants, spores were treated with an equal volume of 0.1% sodium hypochlorite for 1 min followed by centrifugation for 1 min. Spores were then subjected to two cycles of rinsing with sterile water and pelleting by centrifugation for 1 min. The spore suspension was plated onto 1.5% water agar in three 10-µl drops per petri plate (100 × 15 mm). Five YST seedlings were added to the plates, opposite the spore drops, to stimulate spore germination (4) . Plates were incubated in environmental chambers (Percival Scientific, Inc., Perry, IA) at 20°C in the dark. The percentage of germinated teliospores in each drop was recorded after 7 days by counting fully formed basidia visible under a compound microscope.
We used the Proc Mixed procedure to determine the effect of sampling date and site (Albany or Davis) on teliospore germination. The proportion of teliospores that germinated was the response variable, and site, sampling date, and their interaction were fixed factors. Bag, plate, and drop were included as random factors. To determine the significance of the random factors, we used a χ 2 test to compare residual log likelihood values with and without the random factor included in the analysis. The proportion of teliospores that germinated was transformed by the natural log (x + 0.1) to achieve normality.
Evaluating the degree-hour model using field data. To determine if the degree-hour model, based on laboratory data, accurately predicted teliospore priming in the field, the accumulation of degree-hours below a threshold (14. For each hour the temperature was <14.9°C, the difference between 14.9 and the observed temperature was calculated and a cumulative sum was computed for the 7 month period.
Cumulative hours at selected locations in California. To better assess the impact of temperature requirements on prospects for establishment of YST rust, the accumulation of hours below 14.9°C during the winter of 2005 was calculated for various locations in California, focusing on milder coastal and southern locations which are most likely to not have sufficient cooling degreehours to terminate teliospore dormancy ( Table 1) . Temperature data were obtained from the California Irrigation Management System (CIMIS) network of weather stations maintained by the state of California. Hourly averages of 60 1-min readings were used to calculate the hours below 14.9°C.
RESULTS
Teliospore emergence. In 2005, teliospores represented a low percentage of the spores recovered from the earliest sampling date in March through early June (Fig. 1) . Teliospore production increased in late June at the Woodland site and late July at the Napa site. By mid-August, teliospores had emerged in significant numbers at both sites ( Fig. 1 ). On the final sampling date in Woodland, 100% of spores collected were teliospores. Analyses indicated the effects of collection site, year, and sampling date were significant (P < 0.0001 in all cases), reflecting a more substantial increase in teliospore production over time at the Woodland site than in Napa. The site by year interaction was marginally significant (P < 0.0429).
In 2006, teliospores were found in fewer samples and in lower percentages within positive samples compared with that in 2005 ( Fig. 1 ). Samples contained teliospores in Woodland in late March and then none were observed until late June. The maximum percentage of teliospores in the spore samples was approximately 40% in August at the Woodland site. Sampling ended on 25 July at the Napa site and 7 August at the Woodland site because there were no infected leaves available to collect after that time.
Teliospore priming in the lab. Both the temperature and duration of cold period incubation affected priming of teliospores, as indicated by germination rate (Fig. 2) . The best degreehour model fitting the results was the following equation: Y = 0.084070 ± 0.038828 [SE] + 0.000047 ± 0.000008 × (Th -X) × Z, where Y = proportion of teliospores germinating, X = incubation temperature (°C), and Z = incubation duration (hours). The thres- hold temperature was estimated to be Th = 14.93 ± 2.18°C (R 2 = 0.34). The degree-hour model fit the data in the observed range; however, the model diverged from the data dramatically beyond 6 weeks. Additional data are needed at longer incubation periods to improve predictions in this range. Teliospore priming in the field. A small percentage of teliospores germinated at the first sampling date in October in both years (Fig. 3) . Low germination percentages continued through the fall and gradually increased until germination peaked in January. Through the spring, germination percentages declined gradually. Site (P = 0.0038), year (P < 0.0001), and the interaction of the two (P = 0.0103) were significant and were therefore analyzed separately. There was a significant difference between sites in 2005 (P < 0.0001) but not 2006 (P = 0.8935). Sampling date differed in both years (P < 0.0001) and there was a significant site by sampling date interaction in 2005 (P < 0.0008) and 2006 (P < 0.0001). There was variation between bags in 2005 (χ 2 = 13.5, df = 3, P = 0.0036), but no other random factors were significant.
Teliospores that were harvested, bagged, and returned to the WRRC in October 2006 failed to germinate in the fall and winter of 2007. Teliospores were tested for viability in November and December 2007 and January 2008, and no teliospores germinated.
Evaluating the degree-hour model using field data. Our degree-hour model was used to solve for the number of degreehours (DH) when 50% of teliospores would be primed for germination (0.5 = 0.084070 + 0.000047(DH)) in the field. According to the model, 50% teliospore germination should occur after 8,849 degree-hours and this was set as the threshold. (Fig. 3) .
DISCUSSION
As is typical of many rust fungi, P. jaceae var. solstitialis teliospore emergence corresponds with high summer temperatures and the beginning of plant senescence (14) . In the southern Sacramento Valley, seedling stages begin in November, rosettes emerge in February, flower stages begin in Jun, and senescence occurs from August to October. In this study, the percentage of teliospores in our samples increased from approximately 20% from late June through early July to 65% in early August when plants were beginning to senescence. Spreading teliospore production over a longer time span would be an evolutionarily adaptive strategy in years when conditions limit teliospore production during plant senescence. The specific trigger for P. jaceae var. solstitialis teliospore production is not known.
For an intentionally introduced pathogen such as P. jaceae var. solstitialis, a year with limited teliospore production, as was observed in both study sites in 2006, may limit population growth and ultimately lead to extirpation of local populations. Climatic conditions likely contributed to low teliospore production in 2006. A warm, dry early summer will lead to low urediniospore production. This will result in few pustules to produce teliospores by the time conditions are appropriate for their production. According to National Weather Service stations at the Napa Airport, Napa, CA, and the Sacramento Executive Airport, Sacramento, CA, average daily temperatures between April and September were 1.2°C warmer in Napa and 0.5°C warmer in Sacramento, in 2006 compared with 2005. In addition, between May and September, daily average precipitation was 9.4 mm lower in Napa and 8.0 mm lower in Sacramento in 2006 compared with 2005. Spore production was not quantified in this study. However, it became more difficult to find leaves infected with P. jaceae var. solstitialis through the spring and summer of 2006 and the experiment ended in early August, compared to September in 2005, because there were no infected leaves to collect after that time.
Few studies provide guidelines for the incubation and germination of teliospores in the Uredinales (1, 4, 9, 15, 20) . Of these, most have characterized the effect of temperature on germination (9, 10, 15) and not priming requirements specifically. Teliospores of many rusts, including most cereal rusts, must be primed prior to germination (8, 14) . In addition to cold priming, isolates of P. hordei, P. recondita, P. graminis avenae, and P. lagenophorae benefit from presoaking in water at cold temperatures prior to germination. When these species were presoaked in water at 4°C for 2 weeks, germination increased compared with teliospores stored dry at 4°C (1) . Our use of water agar plates was a substitute for soaking in water.
Overall, it is apparent that a range of incubation temperatures will serve to prime P. jaceae var. solstitialis teliospores for germination. However, lower temperatures are superior in breaking teliospore dormancy. Our results confirm those of Bruckart and Eskandari (4) that increased incubation from 2 to 6 weeks at 4°C results in increased teliospore germination. The results of our incubation study show that higher temperatures (8 and 12°C) and shorter incubation durations reduce teliospore germination significantly. However, these results suggest that mild winter temperatures in California should not impose a severe limitation on germination of teliospores.
Models incorporating thermal time, or accumulation of time below a threshold temperature, have historically been underutilized in plant pathology research (12) . In its first application to spore priming, our degree-hour model accurately predicted when teliospores were primed for germination in the field. The model predicted that 50% of teliospore would be primed for germination in late December and early to mid-January in Davis and Albany, respectively. At both sites, in both years, germinations significantly increased in late December and peaked by late January.
All locations for which we evaluated weather data from the winter of 2005-2006 accumulated chilling hours below 14.9°C, equivalent to or exceeding the 6-week priming period used in our experiments. The Albany site had fewer hours below 14.9°C compared with the Davis site and yet our field results indicate that natural priming did occur. Greater limitations may be imposed on the pathogen by environmental requirements for infection by basidiospores and/or urediniospores. The optimal conditions for infection by urediniospores are 20°C with 12 to 16 h of dew (3). These conditions are not likely to be met in all YST populations in California.
Distribution of P. jaceae var. solstitialis in its region of origin is similar to that of the native range of YST: southern Europe and western Asia (17) . The fungal isolate released in the United States, and used in this study, was collected near Sivas, Turkey. CLIMEX software (CSIRO Publishing, Melbourne, Australia) was used to compare temperatures between Sacramento, CA (neighboring Woodland), and Sivas, Turkey. CLIMEX uses a global meteorological database to compute 20 year averages in climate conditions that can then be used to compare conditions among multiple locations. In general, temperatures in Sivas were lower in both the summer and winter. Particularly in the winter, low temperatures in Sivas are consistently below 0°C from November through March. During these same months in Sacramento, frost was rare except for January and in some years February.
The timing of teliospore germination and subsequent spore stages may be critical determinants of the magnitude of the im-pact of P. jaceae var. solstitialis on YST. Potential impacts were assessed in quarantine prior to the first release. Repeated inoculations of 4-week-old YST plants, over a 3 to 4 week period, resulted in a 40% reduction of root weights and a 50% reduction of shoot weights (3, 18) . The negative effect on root biomass was even greater when plants were drought stressed (19) . These studies suggest that P. jaceae var. solstitialis has the potential to negatively impact very young YST plants. To expect similar results in the field, YST would have to become infected at the young rosette stage. According to Maddox (13) , seedlings begin to emerge in October though seeds can continue to germinate through the spring depending on precipitation patterns. Results of this study suggest that if teliospores germinate in January, it is possible for urediniospores to emerge and infect plants during the seedling stage. However, many seedlings will be a few months old by this time. More work is needed to assess the impacts of P. jaceae var. solstitialis on YST plants at multiple phenological stages.
For biological control agents with complex life cycles, such as rusts, many factors may limit success in an introduced range. Previous work documenting consecutive urediniospore generations, the presence of pycnia and the reemergence of uredia following yellow star thistle's dormant phase when there are no plants to infect, suggests that P. jaceae var. solstitialis undergoes its full life cycle in California. Observed teliospore production and priming under natural conditions is further evidence that P. jaceae var. solstitialis has the potential to establish permanently in North America. Inconsistent teliospore production, however, may limit population growth and contribute to local extinctions in some areas. To improve the likelihood of establishing local populations, future work is needed to understand the processes that stimulate teliospore production and to identify climate and landscape characteristics of successful release sites.
